Introduction
The two forms of adipose tissue -'brown' and 'white' -play very different roles in mammalian energetics. White adipose tissue (WAT) is the main long-term energy store in an animal, providing substrate in the form of fatty acids for utilization by other organs. In mammals, WAT is distributed in a number of locations throughout the body, both internal and subcutaneous. The vascularization of WAT is relatively sparse, as is the extent to which the tissue is innervated by the sympathetic nervous system. Up to 85% (by weight) of WAT may consist of triacylglycerol, and the white adipocyte is usually described as having a 'unilocular' arrangement of the lipid, i.e. there is a single fat droplet within the cell [ 11.
The main function of brown adipose tissue (BAT) is to generate heat, either for thermoregulation or in relation to the regulation of energy balance. Relative to WAT, BAT is restricted in terms of its anatomical localization, and it has an extensive vascularization and is densely innervated by sympathetic nerves [ 11.
T h e triacylglycerol content is generally rather lower in BAT (30-50% w/w) than in white fat. Traditionally, BAT is described as having a Abbreviations used: BAT, brown adipose tissue; UCP, uncoupling protein; WAT, white adipose tissue.
'multilocular' disposition of fat droplets, i.e. a number of individual lipid droplets within each adipocyte. Table 1 summarizes the main differences between BAT and WAT; some authors have argued that there is a continuum of adipose tissues which are interconvertible, rather than there being two quite distinct forms [Z, 31.
Until recently, BAT and WAT have been largely differentiated on the basis of histological criteria, primarily the arrangement of the stored lipid (whether it is unilocular or multilocular), but this is now recognized as inappropriate. For example, in an obese animal, brown adipocytes appear unilocular rather than multilocular, whereas on fasting or during cold exposure white adipocytes may become multilocular through the loss of lipid [4-61. This has led to a focus on molecular-based distinctions between brown and white fat, reflecting functional differences between the adipose tissues [7-91.
Overview of heat production in BAT
In addition to multiple lipid droplets, the major histological feature of active BAT is the presence of large numbers of mitochondria with a welldeveloped cristae structure [l] . There is a substantial oxidative capacity in BAT, but in contrast with mitochondria in other tissues the proton gradient that is generated during oxidation is not Volume 24 linked to the synthesis of ATP [10, 11] . Heat, rather than ATP, is the primary product of oxidation in BAT mitochondria, and this occurs through the presence of an alternative pathway for the passage of protons across the inner mitochondrial membrane, the proton conductance pathway [ 10-121. In essence, this represents a short circuiting of the proton current through the membrane. The proton conductance pathway is due to the presence in the inner membrane of BAT mitochondria of a specific 'uncoupling protein' (UCP) [7, . This protein, which is also called thermogenin [ l l ] , has a molecular mass of 32 kDa, and is a member of the family of mitochondrial carrier proteins which includes the ADP-ATP translocase and the phosphate carrier Thermogenesis is initiated by the release of noradrenaline from the sympathetic nervous system, the sympathetic system being critical to the regulation of many of the processes that occur in brown fat [1, 15] . BAT contains both a-~4 1 . 
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UCP -a marker of brown fat
The level and activity of UCP change according to the physiological requirements for heat production [8, 15] . Acutely, this occurs through activation of pre-existing UCP, this appearing as an increase in mitochondrial GDP binding ('unmasking'), which is a widely used measure of thermogenic activity in vim. After a chronic thermogenic stimulus, the total UCP content of BAT increases by two distinct mechanisms: the concentration of the protein in the mitochondria increases (i.e. per mg of mitochondrial protein) and there is an increase in the total mitochondrial content of the tissue. This process of 'recruitment' may lead to an increase in the amount of UCP in interscapular BAT of more than 100-fold [ZO] . In addition to exhibiting major adaptive changes to the requirements for thermogenesis, UCP also provides the critical diagnostic feature of BAT. It is found exclusively in brown fat, enabling the tissue to be differentiated from WAT on a molecular basis through its identification (immunologically) [7] [8] [9] 11, 13] . Similarly, the two adipose tissues can be distinguished by the detection of the mRNA encoding UCP. The immunological detection of UCP has been used to identify BAT in a variety of species, and at different stages of development [13, 21] . On this basis, BAT has now been definitively identified in a wide range of mammals. As well as laboratory animals (rats, mice, rabbits), these include hibernators (ground squirrels, hamsters), bats, carnivores (dogs), ruminants (lambs, cattle, goats, reindeer) and primates (monkeys, humans) [ 13,211. T h e one mammalian species for which there is strong evidence that UCP is absent is the domesticated pig [21] ; nor has BAT been identified in birds [21] , or any other class of vertebrate.
In some species, UCP is only evident for a brief period of postnatal life. This is the case in large precocial animals such as ruminants. In lambs, cattle, goats and reindeer, UCP is found in various adipose tissue depots at birth [22-241. The concentration of UCP falls rapidly, however, during the early postnatal period, and the protein disappears during the first 1-2 months of life [22-241. UCP mRNA is present before and immediately after birth in ruminants, but it is undetectable 2-5 days post partum [24, 25] . There appears therefore to be a rapid suppression of the gene encoding UCP near birth (or shortly thereafter) in these animals. BAT is evidently important in ruminants only in the immediate postnatal period, reflecting the major thermal problems confronting precocial species at this time.
Other potential markers of brown fat
There are several other possible markers of BAT which may differentiate it from white fat. These include iodothyronine 5'-deiodinase, metallothionein and the heat shock proteins. BAT contains a relatively high iodothyronine 5'-deiodinase activity, which at least in the case of the type-I1 form of the enzyme present in rodents is further increased by cold exposure [26] . In contrast with laboratory rodents, the predominant, or sole, form of iodothyronine 5'-deiodinase in BAT of newborn ruminants such as lambs and goats is the type I [27, 28] . Although there has been no systematic study in WAT, it is possible that the iodothyronine 5'-deiodinase is indicative of brown fat [9, 17] . Certainly, our own studies in lambs and sheep suggest a close association between the presence of UCP and iodothyronine 5'-deiodinase activity [29] . This is, of course, unlikely to be coincidental given the role of triiodothyronine in the transcription of the UCP gene [30] .
The metallothionein-1 gene is expressed at low levels in BAT, and there is a major induction of expression in the cold (see below) [31] . This is also the case with heat shock genes, particularly HSP70 [32] . None of the additional potential markers of BAT have, however, been firmly shown to be unique to the tissue, relative to white fat. The b3-adrenoceptor is now recognized to be present in other tissues, including WAT, despite being first identified in BAT [ 16-18].
Cold-induced gene expression
This discussion has focused primarily on whether a particular gene is expressed exclusively in BAT, or whether a specific protein is evident in a 'normal' non-dynamic state. However, the tissue exhibits extensive and substantial responses to cold, consistent with its central function of thermogenesis. Blood flow, oxygen utilization and heat production rapidly increase after a thermogenic stimulus. At a molecular level, the activation of thermogenesis leads to rapid increases in the expression of specific genes, with the induction of the synthesis of proteins such as UCP. UCP mRNA levels increase severalfold within a few hours of exposure to cold [7, 13] . Another gene whose expression in BAT is highly cold-inducible is lipoprotein lipase, and, as with the UCP gene, this induction is mediated by the sympathetic system [33] . In contrast with the situation in BAT, lipoprotein lipase activity and gene expression in white fat are not stimulated in the cold [33] ; indeed, they may even be reduced.
Other genes whose expression in BAT is induced by cold include those encoding metallothionein-1 and the heat shock proteins. The metallothioneins, which are low-molecular-mass (approx. 6 kDa) cysteine-rich proteins, play a role in metal binding (including heavy metal detoxification), and they may also have an antiVolume 24 oxidant function. Recent studies have indicated that expression of both the metallothionein-I and metallothionein-2 genes in BAT is rapidly stimulated by exposure to cold [31] . Cold also induces metallothionein gene expression in the liver and kidney, but in these tissues the response to cold is less than that to the injection of zinc, whereas BAT shows no response to administration of this metal [31] . Unlike the situation in BAT, there is no cold-induced metallothionein gene expression in WAT, as well as no evidence of expression in the unstimulated state. Nevertheless, metallothionein itself has been found in WAT by radioimmunoassay, albeit at a much lower level than in BAT or the liver and kidney [31] . This is clearly contradictory to the concept that metallothionein is expressed in BAT, but not WAT. However, the presence of low levels of the protein in the absence of the mRNA may indicate that there is some transfer of exogenous metallothionein into WAT, rather than there being synthesis in situ.
Recent work has also indicated that several heat shock genes are strongly expressed in BAT in response to both high environmental temperatures and the cold [32] . These heat shock genes include HSP70 and HSP60. Although the induction of heat shock genes might be expected in heat stress, it is surprising that exposure to cold should have a similar effect. It has been argued, however, that the cold-induced expression of heat shock genes is a form of stress response [32] , and to that extent there may be parallels with metallothionein. In addition, the heat shock proteins may be acting as chaperones to proteins such as UCP which are themselves induced in the cold [32] . It is not clear whether heat shock genes are also expressed in WAT in the cold, but this seems unlikely given the putative role of the proteins in BAT and the absence of a coldinduced expression of these genes in other organs (brain, heart, lung, skeletal muscle) [32] .
Not all genes in BAT exhibit increased expression in the cold. GLUT4, the insulin-sensitive facilitative glucose transporter, for example, shows little change in mRNA level during the initial response to cold exposure [34] .
A marker of white fat?
Whereas UCP provides a firm marker of BAT, and there are other potential markers, a recognized positive identifier of white fat has been lacking. This may, however, be provided by the ob (obese) gene and its protein product (leptin), there being evidence that the gene is expressed exclusively in WAT [35, 36] . The ob system has only recently been described and relates to an adipose-tissue-specific factor which plays a key role in the regulation of energy balance through signalling the size of the fat stores [35] . Several reports have suggested that there is little or no expression of the ob gene in BAT, and the expression that is observed may be a reflection of contamination or infiltration with white adipocytes [see 361. In situ hybridization studies, or studies on isolated brown adipocytes, are needed to confirm whether the ob gene is indeed expressed solely in white fat. In contrast with the putative marker genes in BAT, cold exposure suppresses the expression of the ob gene in white fat [36] .
Genes such as those encoding adipsin and the adipocyte fatty acid-binding protein, known as aP2, are not expressed exclusively in WAT [9] , although their expression appears to be greater in white fat than in BAT.
405
Perspective UCP remains the pivotal distinguishing feature of BAT. The central role of UCP in the generation of facultative heat means that it is unsurprising that this protein is the critical means of differentiating brown fat from white. Similarly, other putative markers for BAT are also likely to relate directly to the thermogenic function of the tissue, and this is clearly the case with iodothyronine 5'-deiodinase. Although this enzyme may not be present in WAT, it is found in other (non-adipose) organs. The specific relationship between thermogenic function and gene expression is particularly evident in terms of the response to cold. In addition to UCP, the expression of several other genes is stimulated in BAT on cold exposure. These genes, such as lipoprotein lipase, metallothionein and heat shock proteins, are expressed in a number of tissues, where their expression is not necessarily coldinducible, e.g. lipoprotein lipase in white fat and heat shock proteins in several non-adipose tissues.
The thermogenic capacity of BAT varies widely according to the adaptive state, linked to the chronic requirement for thermogenesis, and this is part of the evidence for the concept of a continuum of adipose tissues. However, this is not the same as saying that brown adipocytes become white adipocytes, in the sense of losing UCP and thus the thermogenic role. 
